Elevator rope for high-rise buildings is forcibly excited by the displacement of the building induced by wind force. An exact solution to the forced vibration of a rope with time-varying length is presented, on the assumption that the rope tension and the moving velocity are constant, and that the damping coefficient of the rope is zero. Virtual sources of waves that can be assigned to reflecting waves are used for obtaining the exact solution. Finite difference analyses of rope vibration are also performed to verify the validity of this exact solution. The calculated results of the finite difference analyses are in fairly good agreement with the calculated results of the exact solution.
Introduction
As building heights increase, travel height and elevator ropes become longer. High-rise buildings have lower natural frequencies than conventional buildings. Therefore, when a high-rise building is swaying due to strong wind, the rope may resonate with the natural frequency of the building and may collide with and damage hoistway equipment.
Some studies (1) - (8) , including those on free vibration (1) - (4) , resonance problems (5) and coupled vibration of the rope and cage (6) , have been conducted on the lateral vibration of an elevator rope whose length varies with time due to the up-and-down movement of the cage. For the free vibration of a rope whose tension and movement velocity are constant and whose damping coefficient of the rope is zero, Kotera et al. (1) have obtained an exact solution to free vibration induced by triangle initial displacement using Laplace transformation. Hashimoto (2) has obtained an exact solution to free vibration induced by an initial displacement; the initial value problem is replaced with the moving concentrated load problem of infinite string. Moreover, Kotera (3) has obtained an exact solution to free vibration induced by an initial displacement using the graphical method.
For the forced vibration of a rope whose both ends are excited sinusoidally, Yamamoto et al. (5) have obtained an approximate solution, based on the assumption that the moving velocity is very low compared with the propagation velocity of the transverse wave. Hashimoto (4) has obtained an exact solution to the forced vibration of a rope whose winding end is excited sinusoidally, and compared it to a finite element analysis. However, an exact solution to the forced vibration of a rope whose fixed end or both ends are excited has not yet been obtained. This paper deals with the exact solution to the forced vibration of a rope whose one end or both ends are excited, using the graphical method. In addition, finite difference analyses of rope vibration are performed to verify the validity of this exact solution. The calculated results of the finite difference analyses are in fairly good agreement with those of the exact solution. The calculation of the finite difference analyses is fairly well confirmed by the exact solution to free vibration. Figure 1 shows a schematic diagram of the elevator rope system, where the cage and counterweight are hung from the main rope, compensating sheave and compensation rope, compensating for tension of the main rope.
Analysis

Fundamental equations
The simulation model shown in Fig. 2 was used to analyze the vibration of the elevator rope. The z-axis that goes down/up from the traction sheave/compensating sheave is positive, and u is horizontal rope deflection. The differential equation of the elevator rope is expressed as follows, based on the assumption that the rope is string.
where A ρ is the mass density per unit length, V the cage velocity, T the rope tension, 
where a is the propagation velocity of the transverse wave ( A T ρ
/ =
). Numerical analysis is performed by using the following difference equations ( 
Exact solution 2.2.1 When the traction sheave is excited
The rope, whose sheave end is fixed and whose cage end is moving as shown in Fig ( )
Equation (15) and (16) show that the response of the rope when the traction sheave is excited is different from the response of the rope when the opposite side of the traction sheave is excited.
When both ends are excited
The displacement of the rope both ends of which are excited is obtained by summing Eqs. (15) and (16). 
Results and discussion
Free vibration
An exact solution (1) to free vibration induced by triangle initial displacement has already been obtained. Finite difference analyses is performed to verify its accuracy, and it is compared with this exact solution. Figures 5 and 7 show the calculated results of the deflection curves of the rope after the rope is released while the rope is shortening, Figure 6 shows the calculated results of the deflection curves of the rope while the rope is elongating, In this paper, the right end of these figures is the position of the traction sheave as the elevator system, although Hashimoto (4) wrote that the left end of the deflection curves was fixed. 
Forced vibration when the traction sheave is excited
Finite difference analyses are performed to verify the validity of exact solution Eq. (14) when the traction sheave (right end) is excited as shown in Fig. 2 (c). Figures 8 and 9 show the time history of the rope displacement while the rope is shortening ( The first waves from both ends overlap at the center of the rope as shown in this figure. As in the case where one end is excited, the calculated results of the finite difference analyses are in fairly good agreement with those of the exact solution where both ends are excited. Therefore, the validity of the exact solution considering wave reflections is verified. 
Conclusions
In this paper, an exact solution to the forced vibration of a rope where one end moves with time is presented, based on the assumption that the rope tension and movement velocity are constant, and that the damping coefficient of the rope is zero. The following results were obtained: (1) An exact solution to the forced vibration of a rope is obtained by using the graphical method, in the case of one end or both ends being excited by forced displacement. (2) The calculation of the finite difference analyses is fairly well confirmed by the exact solution to free vibration. (3) Finite difference analyses of rope vibration are performed to verify the validity of the exact solution, in the case of one end or both ends being excited sinusoidally. The calculated results of the finite difference analyses are in fairly good agreement with those of the exact solutions.
